A B S T R A C T Superoxide anion (02 *) generation by human peripheral blood polymorphonuclear leukocytes is enhanced when these cells encounter appropriate soluble or particulate stimuli. O2 generation requires intact, viable cells and proceeds independently of phagocytosis. To investigate the possibility that the 02--generating system is associated with the outer surface of the polymorphonuclear leukocyte plasma membrane, we have examined the effects upon 02 production of p-diazobenzenesulfonic acid, a reagent which can react predominantly with proteins of the external cell membrane. When normal human polymorphonuclear leukocytes were preincubated with cytochalasin B (to minimize endocytosis) and then exposed to the surface-active lectin, concanavalin A, the cells were stimulated to generate 02 in a concentration-and time-dependent fashion and selectively to discharge the granule-associated enzyme, lysozyme, into the surrounding medium. These responses, as well as cellular binding of [3H]concanavalin A, could be blocked by a-methyl-D-mannoside. Brief treatment (<5 min at 4°C) of the cells with p-diazobenzenesulfonic acid (1.0-5.0 mM) significantly interfered with concanavalin A-mediated 0°generation but had no influence upon lysozyme release or upon binding of [3H]concanavalin A. The diazonium salt did not alter cell viability or the specific activity of the cytoplasmic enzyme, lactate dehydrogenase (inhibitable under conditions which allowed entry of this reagent into the cytosol). p-Diazobenzenesulfonic acid, therefore, very likely exerted its effects at the cell surface of the intact polymorphonuclear leukocyte, selectively inhibiting 02 production (either directly or indirectly)
INTRODUCTION
There is now considerable evidence that the burst of oxidative metabolism which accompanies phagocytosis by polymorphonuclear leukocytes (PMN)' is probably initiated at the cell surface. A variety of particulate as well as surface-reactive soluble stimuli are capable of provoking increased consumption of oxygen, generation of H202, and increased utilization of glucose via the hexose monophosphate shunt pathway in the absence of phagocytosis (1) (2) (3) (4) (5) (6) (7) (8) . More direct evidence that the PMN cell surface participates in these reactions was provided recently by the demonstration by Briggs et al. (9) of an apparent ecto-enzyme which generates H202 via oxidation of NADH. A likely intermediate in this reaction is the superoxide anion (2-*) which can undergo spontaneous dismutation to yield H202, or which can be converted to this product by the action of superoxide dismutase (10) . 0°2 generation by human PMN is also enhanced when these cells encounter appropriate soluble or particulate stimuli (8, (11) (12) (13) (14) (15) . 02 . generation requires intact, viable cells and proceeds independently of phagocytosis. In fact, 02 recovery in the medium surrounding PMN is enhanced when formation of phagocytic vacuoles is inhibited, as after treatment of cells with cytochalasin B (13) . These observations, as well as the demonstration that 02> does not appear to be released from cells as a consequence of degranulation or cell disruption, support the possibility that O-production takes place on the outer surface of the PMN cell membrane as well as in phagocytic vacuoles which are formed by invaginations of IAbbreviations used in this paper: Con A, concanavalin A; DBSA, p-diazobenzenesulfonic acid; LDH, lactate dehydrogenase; PBS, phosphate-buffered saline; PMN, polymorphonuclear leukocyte (s).
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METHODS
Preparation of leukocyte suspensions. 32 ml of venous blood from healthy adult donors was allowed to sediment at room temperature after mixing with 8 ml acid citrate dextrose (National Institutes ofHealth formula A) and 20 ml 6% dextran (average mol wt, 234,000, Sigma Chemical Co., St. Louis, Mo.) in 140 mM NaCl. 35 Binding of Con A to leukocytes. To suspensions of either normal or DBSA-treated PMN which had been preincubated with cytochalasin B were added 1.0 ,Ci [3H]Con A (New England Nuclear, Boston, Mass.) plus 30 ,&g of unlabeled lectin. After 15 min ofincubation at 37°C, the leukocytes were sedimented (155g for 10 min), washed three times with buffer, and allowed to dry at room temperature. The dried pellets were digested with 0.5 ml of 0.2 N NaOH for 2 h at 56C, followed by the addition of0.2 ml of3.0% acetic acid and 0.5 ml of distilled water. 1.0-ml aliquots were added to 20 ml Bray's solution (26) Binding and uptake of DBSA. For these experiments, DBSA was prepared with 14.7 mCi/mmol 35S-sulfanilic acid (Amersham/Searle, lot 0976). Suspensions of purified PMN (from Hypaque/Ficoll gradients) were treated with radiolabeled DBSA (-1,500 cpm/nmol) and washed as described above. Total cellular binding ofDBSA was measured in NaOH digests of washed cell pellets (as above). In addition, some suspensions were subjected to four cycles of freezing (in dry ice/acetone) and thawing before division into 100,000-g supernates and pellets (27) . This treatment was sufficient to release total assayable LDH. Supemates and digested pellets were counted before and after addition of trichloroacetic acid (TCA, 20%o wt/vol). Results (Figs. 1 and 2 ). These responses to Con A were abolished if 60 mM a-methyl-D-mannoside was also present in the reaction mixtures.
In the absence ofcells, Con A or a-methyl-D-mannoside neither influenced cytochrome c reduction nor lysozyme activity. When DBSA-treated cells were exposed to Con A, 02' generation was reduced, whereas lysozyme release was unaffected (Table II) . Inhibition of 02 generation varied (but not significantly) with the concentration of DBSA which was employed to pretreat the PMN, but was not associated with cytotoxicity (measured as "leakage" of cytoplasmic LDH). Results identical to those described above were obtained in experiments employing cell suspensions which contained 98+1% PMN (from Hypaque/Ficoll gradients). When DBSA was em- (Table II) .
Superoxide Generation at the Leukocyte Cell Surface Table III) . These results indicated not only that our method of washing DBSA-treated cells was sufficient to remove any unbound diazonium salt which could potentially interfere with cytochrome c reduction, but also that bound DBSA had no apparent effect on the assay system (i.e., did not influence cytochrome c reduction by normal cells). Furthermore, additional control experiments excluded the possibilities that DBSA treatment influenced the enzyme assays or that there was selective adsorption of enzymes to cells after their release into the suspending buffer. Binding of radiolabeled Con A to PMN did not appear to be influenced by prior treatment of the cells with DBSA (Fig. 3) . Furthermore, binding of Con A to normal or to DBSA-treated cells was appropriately inhibited by a-methyl-D-mannisode. Virtually complete inhibition of binding was observed in the presence of concentrations of this sugar exceeding 60 mM. DISCUSSION Con A has previously been shown capable of stimulating oxygen consumption and hexose monophosphate shunt activity in PMN (19) , as well as provoking discharge from these cells, by exocytosis, of the granuleassociated enzyme, lysozyme (20) . Our results indicate that the lectin is also a potent stimulus for o2 production by PMN, even under conditions (cytochalasin B treatment) which retard its internalization (20) . Stimulation of 02 production was appropriately inhibited by a-methyl-D-mannoside, a sugar which effectively competes with cell "receptors" for Con A (29) . Our results provide, moreover, another example of enhanced o2 generation after PMN cell-surface stimulation as well as further evidence that the PMN 02*-generating system is associated with the cell surface.
The hypothesis that the PMN 02 -generating system is localized to the external surface of the plasma membrane is attractive. Surface generation of o°2 (and of its product, H202) would allow for its concentration within phagocytic vacuoles and provides a convenient explanation for the extracellular recovery of this highly reactive free radical. There is, in fact, no readily apparent alternative hypothesis which would account for the ability of o2 to diffuse from cells (which contain superoxide dismutase in their cytoplasm) without producing lethal membrane damage. Indeed, Salin and McCord (30) have provided evidence of 02 '-mediated lethal injury to PMN. Direct evidence for such a PMN ectoenzyme is lacking, but there is strong supportive evidence. For example, the recently described surface NADH oxidase of the human PMN, which produces H202, could very well be an 02 -generating system (9) . It is likely that 02 is an important intermediate in H202 generation (8, 9, 13, 31) .
Inhibition of intact cell enzyme activity by "nonpenetrating" reagents represents one experimental (32, 33) . DBSA has previously been employed to label surface proteins of the human erythrocyte (17) and to demonstrate that adenosine monophosphate was an ectoenzyme of guinea pig PMN (18) . We have found that brief (<5 min) treatment at 40C of human PMN with DBSA significantly interfered with 02 generation when these cells were subsequently exposed to Con A. Under conditions sufficient to inhibit Con A-mediated O2 production significantly, DBSA neither altered cell viability nor the specific activity of the PMN cytoplasmic enzyme, LDH. This enzyme was inhibitable by DBSA under conditions (prolonged incubation at 370C or after treatment with Triton X-100) which allowed access of this reagent to the cytosol (Table I ). Although it appeared that DBSA exerted its effects at the cell surface of the intact PMN to selectively inhibit 02 production, other possibilities had to be considered. In contrast to adenosine monophosphate activity of the guinea pig PMN (18) , 02*-generating activity of human PMN depends upon exogenous cell surface stimulation (13) . Consequently, DBSA may have acted primarily upon surface proteins which are "linked" to, or activate, the enzyme system rather than upon the enzyme per se. Thus, some independent measurements of stimulusmembrane interactions were required. This formed the basis for the strategy of employing Con A as a stimulus. First, Con A binds predominantly to sugar moieties which were unlikely to be affected by DBSA (29) . Second, binding of Con A could be quantitatively measured. Third, phagocytosis of internalization of Con A are not prerequisites for its stimulatory effects. To further minimize phagocytosis or internalization as variables, cytochalasin B was employed (13, 20) .2 Finally, another response of PMN to cell surface stimulation by Con A could be measured, i.e., the extracellular release of lysozyme. Our experiments revealed that DBSA neither influenced binding ofCon A to PMN nor the release of lysozyme that occurs as a consequence of such binding. These measurements of 2 In studies not described here, DBSA was found to markedly interfere with phagocytosis by PMN of serumtreated zymosan particles and opsonized paraffin oil droplets, thus excluding these as possible stimuli. The effects of Con A and of DBSA upon PMN in the absence of cytochalasin B were qualitatively and quantitatively similar to those observed in the presence of this compound. However, since measurements of internalization of Con A in these experiments were not performed, these data are not.presented. stimulus-membrane interactions support the possibility that DBSA acted primarily at the cell surface of intact PMN to selectively inhibit o2 production without influencing other responses to cell surface stimulation. No conclusion, however, can be drawn from these experiments regarding possible effects of DBSA upon surface proteins which "activate" the 0 .-generating system. Furthermore, since greater than 50%0 inhibition of°2-generation by DBSA was associated with cytotoxicity, these experiments do not exclude the possibility that some 02 is produced at a site which was not accessible to the "nonpenetrating" reagent. Nevertheless, our results do support the hypothesis that the PMN 02 -generating system is an ectoenzyme and provide additional evidence that the burst of oxidative metabolism which normally accompanies particle contact and phagocytosis by PMN is initiated at the cell surface.
